Abstract-Most of automotive researches are focused on autonomous vehicles. Both industrials and academics are working on several changes, and the way to coordinate the increasing number of chassis systems is one among them. This paper proposes a more suitable control architecture for autonomous vehicles complexity. This architecture is based on control allocation techniques developed especially to handle over-actuated systems. The allocation is made by taking into account the tire dynamics couplings through a new linear tire model with varying parameters. Simulations of combined manoeuvres proved the potential of this architecture and its relevance for future autonomous vehicles.
I. INTRODUCTION
Vehicle handling and security have always been the main concern of car manufacturers and suppliers. Before the 1970's, passive safety systems were sufficient to ensure passengers' security. With the increasing number of vehicles on the roads, more complex situations have arisen, e.g., obstacle avoidance and sudden changes in surface conditions. Active safety systems were introduced late 1970's [1] . These systems are intended to help the driver control its vehicle when complex situations are encountered. An overview of the Advanced Driver Assistance Systems (ADAS) proposed in the last three decades is shown in Fig. 1 . Figure 1 . Timeline of active safety systems introduction in passenger cars [2] .
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These systems have been introduced gradually as a luxury option to become a standard in all passenger cars. A fully autonomous system is thus a natural evolution towards safer and more comfortable vehicles. Here, the control is brought to the vehicle's center of gravity. The objective is the whole vehicle motion control. In Fig. 1 , we can see that integrated systems involve only a single criterion that can be considered as a subobjective. For example, the Electronic Stability Program (ESP) uses the brake to generate a yaw moment and stabilize the vehicle [3] . Several systems are needed in the same vehicle to ensure autonomous driving. This has already began as today's passenger vehicles integrate more than a single chassis systems, making them overactuated systems [4] . Because these subsystems act on the same vehicle, interactions arise. The complexity of these interactions increases as the number of subsystems increases. Until now, the number of subsystems has been relatively low. Car manufacturers integrate chassis systems provided most of the time by suppliers. They then add few coordination strategies downstream these subsystems to avoid the possible conflicts that could arise from the subsystems interactions. These rules or prioritizing strategies are based on a deep understanding of the vehicle dynamics. The automotive engineer has to foresee the possible conflicting scenarios, and then elaborate the strategies that overcome them. As long as a low number of chassis systems is concerned, downstream coordination is sufficient to handle most conflicting situations [1] . However, as we have mentioned, the more we get close to autonomous driving, the more numerous chassis systems become, and the higher complexity gets. The automotive engineer will no longer be able to imagine all the possible scenarios and ensure vehicle safe operations. Therefore, the dynamic couplings should be mathematically described in order to find a solution. Moreover, a search towards an optimum should be conducted. This is important for over-actuated systems where various solutions can be found. In fact, if the control problem presents various solutions, secondary objectives could be fulfilled by choosing the right cost function to minimize [5] . Not only conflicts could be handled, but also better performances could be achieved. That implies a different way to act on chassis systems. To do so, different inputs should be provided to chassis systems. Coordination is then made upstream the subsystems. Unlike the downstream approach, the conflicts are prevented rather than mitigated. A larger comparison between both downstream and upstream approaches is provided in [6] . The upstream approach takes account of the dynamic couplings to find the best commands distribution. These couplings are generally non-linear. Recently, a new linear tire model with varying parameters has been proposed to depict tire combined dynamics while keeping its linearity [7] . This paper has a dual purpose. First, the downstream coordination and upstream distribution architectures are compared. This comparison is conducted to prove the potential of the upstream approach to handle subsystems interactions. A relatively simple example about today's vehicles is considered. A passenger car equipped with an Active Rear Steering (ARS) and Braking-Based Vehicle Dynamics Control (VDC) is studied using both approaches. Second, the importance of using the new linear tire model with varying parameters to enable realistic and safe commands distribution is demonstrated. Matlab/Simulink© has been used to simulate different realistic scenarios. Results showed better performances in case of the upstream approach using a basic control allocation technique and the new tire model, while the downstream approach could jeopardize vehicle operations as it does not take into account the dynamic couplings. This paper is structured as follows: We start in Section II by presenting the currently used downstream coordination architecture. Section III presents the future upstream distribution architecture, and the new tire model that enables better control allocation. Different scenarios are simulated using Matlab/Simulink©, and results are compared in Section IV. A discussion about the relevance of both the upstream approach along with the new tire model is provided in Section V. Conclusions and future works are outlined in Section VI.
II. DOWNSTREAM COORDINATION APPROACH
For autonomous vehicles, both longitudinal and lateral performances should be met using a virtual pilot. Combined behaviour is then the most interesting case to study within this framework. Therefore, Active Rear Steering and the brakingbased Vehicle Dynamics Control have been chosen to be integrated in the same vehicle. Several today's passenger cars are equipped with both systems, e.g., the Renault Talisman [8] . Rear wheels can be steered and reach ±5º at most. Pressure commands for the VDC are limited to [0; 200] bar.
A. Control Architecture
As chassis systems are provided by different suppliers, they are often designed without taking into account the other subsystems. Inputs to these subsystems are then a physical quantity reference related directly the the vehicle itself. Their outputs are commands to the related actuator. The chassis system internal working is usually provided as a black box. With this configuration, the automotive engineer can only act downstream the subsystems, at their outputs. Fig. 2 illustrates this approach in the context of our example.
B. System Modelling
As only the yaw rate is concerned, one common approach is to use the bicycle model [9] . only lateral forces are taken into account. Because our goal is to first represent today's situation, this model is chosen in the context of the downstream approach. The linear tire model used in this case is expressed as follows [1] , [4] : By using equations (1)- (6) with and as unknown variables, transfer functions from , , and to can be expressed.
In our case, three commands can influence the yaw rate: the front steering , the rear steering , and the differential braking . Only rear steering (ARS) and differential braking (VDC) are considered in control synthesis. The front steering is directly transmitted to the wheels and used to determine the driver desire, and therefore the yaw rate reference.
1) Yaw rate reference: As the yaw rate reference is determined from the driver command, the transfer function from the front steer to the yaw rate is used. Moreover, to ensure fast computation of the reference, only the steady-state is considered (s = 0) [1] .
2) Coordination strategy: Because of the very simplified linear tire model and the negligence of combined slip, this latter should be avoided. This means that the ARS and the VDC should operate at the same time only if necessary 1 . One system should be then prioritized over the others. A preliminary comparison study is then required to establish the priority strategy. However, the ARS generates a steering angle, while the VDC generates a yaw moment. Either the yaw moment has to be converted to an equivalent angle or the rear angle to a yaw moment. Because we already know the maximum angle that could be generated by the ARS(±5º), we choose to convert the VDC yaw moment to an equivalent angle. We obtain the graph in Fig. 3 . 
3) Subsystems controllers:
As the subsystems are located downstream the coordination layer (see Fig. 2 ), their controllers are based on transfer functions from system angle command to directly the vehicle's yaw rate. A gain-scheduled PI 2 has been chosen for both ARS and VDC systems. The detailed design of these controllers goes beyon the scope of this paper.
III. UPSTREAM DISTRIBUTION APPROACH
Coordinating the chassis systems downstream their controllers implies that the nature of conflicts is predictable. However, one cannot foresee all the possible scenarios. An alternative approach is an upstream distribution of commands. Here, the combined dynamics should be formalized in order to distribute well the commands. Particularly, the tire model should be able to take into account the combined slip as it is the sole effector of the vehicle. Hence, the relevance of the new linear tire model with varying parameters [7] . This model makes it possible to elaborate a better commands distribution by taking into account a more realistic tire potential.
A. Control Architecture
The layer to be added in order to synergize chassis systems is located now upstream these subsystems. Fig. 4 illustrates this concept. 
B. System Modelling
The idea is to calculate first the necessary forces to move the vehicle applied at its centre of gravity, and then optimally distribute these forces to the four tires depending on their potentials. Two subsystems are available to control the yaw rate. The overall system is then over-actuated. Control allocation techniques were developed especially for this category of problems [4] . The control allocation problem can be defined as follows [10] : find the control vector, such that subject to where is a control effectiveness matrix, and are the lower and upper position limits, respectively, is the control rate, is the maximum control rate, are the desired accelerations, n is the number of control effectors, and m is the number of axes to control (n > m).
Different techniques can be used in order to synthesis . A large overview can be found in [5] , [10] , [11] .
1) Tire forces: Unlike the downstream coordination strategy presented in this paper, the upstream approach using daisychain method could make use of both ARS and VDC at the same time (see Section IV). The ARS system generates lateral tire forces, while the VDC system generates longitudinal tire forces. The overall adhesion is delimited by a "friction ellipse" [12] . Tire potential is delimited by the product , where is the coefficient of friction that represents the quality of the interface rubber/ground, and is the vertical load. Forces' saturation can be represented as follows [7] :
As long as control synthesis is concerned, a linear model is prefered. This mothivates the use a linear tire model with varying parameters [6] . This model is expressed as follows [7] : Detailed expressions of the varying stiffness and their development are provided in [6] .
Moreover, as the ARS system generates the same steering angle in both tires, only the lateral force at the rear axle level is taken account of. Unlike the ARS, the VDC has the ability to generate different longitudinal forces at each tire. The control vector is then: Therefore, assuming that the vertical load and friction coefficient can be different at the level of each tire, control vector limits can be expressed as follows:
The same goes for with a minus sign in each component. The vertical load at the level of each tire can be defined as [4] :
Where:
 : gravitational acceleration,  : vehicle's longitudinal acceleration,  : vehicle's lateral acceleration,  : height of vehicle's centre of gravity. Here, we suppose that can be estimated [13] .
2) Generalized forces calculation:
We recall that the main objective is yaw rate control. As long as the brake is concerned, the longitudinal velocity could be penalised. Control allocation can be also used to mitigate the influence on longitudinal speed. Two generalised equations are then considered:

: the total longitudinal force required at the vehicle's centre of gravity,  : the total yaw moment required at the vehicle's centre of gravity. In this case, we have:
Because of the differential nature of equations (20) and (21), a high-level controller is first required to compute .
3) Effectiveness matrix:
To compute control commands to the four wheels, a four-wheeled planar vehicle model is necessary. Considering only controllable tire forces with , we find:
with . From equations (7), (14), (22), (23), (24), we get the following effectiveness matrix expression:
, .
Control allocation in this case consists on adding a new abstraction level. Rather than calculating actuator commands directly from desired velocities, we add effector constraints in the middle of the control chain. A multi-layer architecture is then required [6] .
1) High-level controller:
Here, we consider equations (20) and (21). Consequently, two simple PI controllers are designed to meet high-level control requests.
2) Control allocation strategy: To provide a fair comparison between downstream and upstream approaches, a prioritization of the ARS with respect to the VDC is also privileged. However, distribution of commands is not the same as we take into account the tires potential. To do so, two control allocation methods are used: daisy-chain method to prioritize the ARS, and weighted pseudo-inverse method to distribute force requests depending on tires potential.
Daisy-chain
It is about forcing an hierarchy for control effectors. The difference with respect to the downstream approach is the condition to move to the second subsystem. Here, actuator saturation or tire saturation is the switching condition. In addition, when a control saturates, an error between the desired forces and those generated by control effectors arises. Only this error is transmitted to the second set of subsystems. Therefore, the VDC only activates when the rear lateral force saturates or the rear steering angle reaches ± 5 º . The control allocation problem is then separated into two sub-problems. The first set contains only the ARS system. As only rear steering can be generated, only yaw moment is considered. Longitudinal force is ignored. We have then:
When ARS is saturated 3 , the deficiency is transmitted to the VDC system. The second sub-problem is then defined as:
Where , has to be inverted. However, it is not a square matrix [11] . A pseudoinverse can still be provided. Moreover, to favour one control command over another depending on tire potential, weighting matrices could be used [4] . Therefore, a "weighted pseudoinverse" is used for brake forces allocation.
Weighted pseudo-inverse
It is an optimization technique based on a pseudo inversion of the non-square matrix B. The problem is formulated as follows [11] : subject to (7), where is a weighting matrix and is an offset vector used to represent an off-nominal condition. The resolution method using the Hamiltonian can be found in [11] . The weighting matrix can be adjusted to favor one effector over another. This is done by increasing the weight of the less attractive actuator. Therefore, to take into account the tire potential, we introduce the inverse of the tire force saturation in the weighting matrix diagonal. When approaching saturation, the weight denominator approaches to 0 and therefore, the weight approaches to . The weighting matrix chosen is expressed as:
Where
3) Low-level controllers: Two major criteria have to be considered in controller design for this case. First, the lowlevel layer is located in the most inner loop. It should be much faster in order not to influence the high-level control. The crossover frequency of the low-level control is chosen to be 10 times higher than the high-level's. Moreover, the same crossover frequency is chosen for rear steering angle command and braking torques commands. Reallocation should be caused by tire or actuator saturations and not by one of the controllers delay with respect to the others. Secondly, no overshoot should be allowed. Control allocation is made by taking into account the tire saturation. At hazardous situations, it could allocate the maximum allowable tire force. This force must not be exceeded, otherwise the vehicle could loose its stability.
Here, transfer function from tire forces the rear steering angle and brake torques are considered. Simple feed-forward PI controllers are designed. Again, details of this design go beyond the scope of this paper.
IV. COMPARISON OF COORDINATION APPROACHES
In order to consolidate our hypothesis, simulations using Matlab/Simulink © are carried out. Both approaches are programmed in Simulink platform to enable their comparison. A slalom maneuver is carried out with a longitudinal speed of 100 km/h. At time t = 4s, we block the ARS system to test the system safety. Fig. 5 illustrates this failure. As no overshoot is allowed, the upstream approach generates a rear angle smaller than the downstream approach. Regarding yaw rate, Fig. 6 illustrates the reconfiguration ability of each approach. The upstream approach exhibits a more important overshoot after the failure. This is mainly due to the activation of brake forces as Fig. 7 shows. As neither longitudinal acceleration does not exceed 11.4 m/s 2 nor rear angle actuator saturates, the VDC system does not activate in the downstream approach. No important overshoot is experienced in that case, but a steadystate yaw rate error remains. To keep the vehicle in a straight line, the driver has to continually steer the front wheels. This is not suitable for autonomous driving. Regarding brake forces, when left brake forces are activated right ones do not and vice-versa to create a maximum yaw moment. However, for tires in the same side, there exists a slight difference between activated brake forces. This is caused by the difference in vertical loads at each tire which gives different potentials (Fig. 8) . Thanks to the new tire model, tires with bigger potential are prioritized which gives better control allocation. Another objective is fulfilled by the upstream approach, which is longitudinal speed influence mitigation. In fact, as Fig. 9 shows, brake forces are chosen in a way to influence less the longitudinal speed and track again the reference as soon as possible. As we have previously mentioned, the number of integrated chassis systems is increasing. From Advanced Driver Assistance Systems (ADAS) to full autonomous driving, additional chassis systems are intended to be added to fulfil all driver manoeuvres. Both longitudinal and lateral control have to be ensured at the same time. Dynamic couplings can no longer be ignored. More complex modelling is needed, and therefore more complex control strategies are required.
A. Necessity for an Upstream Distribution
First, let us enumerate the advantages of the downstream approach that kept automotive manufacturers from substituting control architectures. From an industrial point of view, cost is always a major key. Considering Fig. 2 and the fact that chassis systems are developed individually, these latter are integrated without bringing any modification. No additional controllers are needed. Relatively simple coordination strategies are added downstream the subsystems to handle their interactions. This gives the opportunity for car manufacturers to proceed to bulk purchasing from their suppliers and take advantage from the economy of scale. Unfortunately, regarding the upstream approach, as we have demonstrated in Section III, additional high-level controllers are needed. Moreover, as inputs change, suppliers' controllers have to be modified. This architecture may also require additional sensors or estimators [14] , especially for friction coefficient estimation. Nevertheless, as it is pointed out in [1] , adding a high-level controller allows exploiting the same information in several subsystems. The number of sensors can then be reduced as well as computational overheads by not duplicating controller computations.
Another advantage for the downstream approach is its simplicity. For example, as it is described in Section II, only a preliminary study of chassis systems' influence on vehicle dynamics is needed so as to deduce which subsystem should be prioritized. In contrast, for control allocation, the problem should be mathematically described. Additional complex scenarios are then implicitly considered. A general solution to all possible scenarios should be provided. Dynamic couplings at the vehicle level and at the tire level should be considered. This makes the control synthesis more tedious.
In the context of autonomous driving, dynamic couplings have to be considered. Until now, the driver ensures longitudinal control by accelerating or braking. Most of ADAS are designed to stabilize the vehicle laterally. While controlling longitudinally the vehicle, the driver handles unconsciously the dynamic couplings. The virtual pilot has to take over and control the vehicle both longitudinally and laterally. A larger operation range is solicited in this case. More complex vehicle and tire modelling are required. As chassis systems are developed individually, they are generally based on different vehicle models [6] . Their integration is not necessary uniform. Rule-based strategies can handle the problem only if most of the scenarios can be predicted. The more we approach to autonomous driving, the more numerous are chassis systems to be added in the same vehicle to replace the driver, and the more numerous are the scenarios that cannot be predicted in advance. Therefore, the upstream approach would become necessary despite its complexity. Control allocation methods express the problem as an optimization problem for an over-actuated system. This gives numerous solutions. Secondary objectives can be then satisfied. For example, the solution that consumes less energy or that gives more comfort can be favored. The upstream approach can then transform the problem in an opportunity. Choice of objectives and a supervisory (high-level control) strategy gives the possibility for car manufacturers to tune their vehicles behaviors. This is crucial for companies brand image.
B. Necessity for a More Accurate Tire Model
As we have previously mentioned, going towards autonomous driving implies switching from a downstream coordination approach to an upstream distribution one. As tires are the sole effector for ground vehicles, commands distribution concerns more the four tires. Tire with more potential to influence vehicle dynamics should be favoured. This potential depends on mainly three criteria: combined slip, vertical load, and the interface rubber/ground state, which is represented by the friction coefficient. Not taking into account this criteria could saturate one or several tires and therefore destabilize the vehicle while other tires could be used to achieve the manoeuvre.
Tire potential manifests itself in its ability to adhere to the road. This could be represented by the tire stiffness. This stiffness should therefore be updated on-line to take into account the varying criteria mentioned. Moreover, the tire model should be suitable for control synthesis. Its complexity should be then reduced. A linear model is thus preferred. For all these reasons, the new linear tire model with varying parameters is more suitable for global chassis control synthesis, and should be therefore implemented in autonomous vehicles.
VI. CONCLUSION
Two chassis systems coordination approaches have been compared in this paper. The downstream approach uses rulebased algorithms to favour one system over another, which makes it relatively simple. The upstream approach uses optimization-based algorithms to find the best solution for a single or multi-objectives control problem. Control allocation methods are designed especially to handle over-actuated systems. These methods are more complex with respect to rulebased algorithms. A vehicle equipped with an Active Rear Steering (ARS) system and a brake-based Vehicle Dynamics Control (VDC) system has been chosen to study chassis systems interactions as both influence yaw rate dynamics. Both architectures exhibit good yaw rate reference track. However, the upstream approach generates more realistic commands as a middle layer is added to take into account the tire dynamic couplings and saturation thanks to a new linear tire model with varying parameters.
However, it should be noted that in this paper, basic control allocation techniques have been used. The main goal is to compare coordination approaches through a simple example. More complex but more efficient control techniques are being tested. We expect that these techniques could handle more complex problems where more than two chassis systems are involved. More interesting scenarios could be handled as dynamic reconfiguration to handle switch issues as it was seen in the ARS failure manoeuvre, the _-split manoeuvre to benefit more from the opportunities that gives the new tire model, and so on.
Moreover, different vehicle models have been used in this paper. Results from downstream coordination could be overestimated as it uses a simple bicycle model. As a future work, a more complete vehicle model with different chassis systems is being developed in AMESim© platform. This will provide a common platform to enable effective comparison of different algorithms. Experimentations are intended to be conducted with the collaboration of Renault in order to prove our claims. More attractive chassis could then be added gradually as the Four Wheel Drive (4WD) system or the Torque Vectoring (TV). We expect that with adding more chassis systems, the downstream approach can no longer handle their interactions, and the upstream approach would become more pertinent.
